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ABSTRACT 



Background: Advanced glycation end products (AGE), 
the reaciive dehvacives of nonenrymadc glucose-protein 
condensation reactions, are implicated in the muiciorgan 
complications of diabetes and aging. An AGE-specific 
cellular receptor complex (AGE-R) mediating AGE re- 
moval as well as multiple biological responses has been 
identified. By screening an expression library using an- 
tibody against a previously identified component of the 
AGE-R complex p90. a knovm panial cDNA clone was 
isolated with homology to galeain-3, a protein ot diverse 
identity, and member of the galeciin family. 
Materials and Methods: To explore this unexpeaed 
finding, the nanire of the interactions between galeciin- 3 
and AGE was studied using intaa macrophage-Uke RAW 
264.7 cells, membrane -assodaied and recombinant ga- 
lectin*! through -4. and model AGE-ligands (AGE-BSA. 
FFI-BSA). 

Results: Among the. members of this family (gaiectin-I 
through 4). recombinant rat gaieain-3 was found to 
exhibit high-affinity ^^'1- AGE-BSA binding with satura- 



ble kinetics ikD 3.5 X 10' M"') that was fully blocked by 
excess unlabeled naturally formed AGE-BSA or syn- 
thetic FFI-BSA. but only weakly inhibited by several 
known galeain-3 tigands. such as laaose. In addition to 
the p90. immunopredpiiation v^th anu-gatectin-3, fol- 
lowed by '^'l-AGE-BSA ligand blot analysis of RAW 
264.7 cell extraas, revealed galeain-3 (28 and 32 kO). as 
well as galeain-3 -associated proteitis (40 and 50 kDt 
with AGE -binding activity. Interaction of galeain-3 with 
AGE-BSA or FFI-BSA resulted in formation of SDS-. and 
^-mercaptoethanol-insoluble. but hydroxylamine-sensi- 
tive high -molecular weight complexes between AGE- 
ligand. galeain-3. and other membrane components. 
Conclusions: The findings point toward a mechanism 
by which gaiectin-3 may serve in the assembly of 
AGE-R components and in the effioeni cell surface 
attachment and endocyiosis by macrophages of a het- 
erogenous pool of AGE moieties with diverse affinities, 
thus contributing to the elimination of these patho- 
genic substances. 



INTRODUCTION 

Glucose and other reducing sugars react sponta- 
neously with a wide spcarum of proteins in vitro 
and in vivo co initiate a post-cranslatiunal mod- 
ification process, the late produas of which com- 
prise of a heterogeneous group of irreversible 
adducts called advanced glycation end products 
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(AGE) (1.2). In vivo formation of AGE-prorein< 
proceeds slowly under normal ambient glucose 
concentrations, while the rate of AGE accumu- 
lation is enhanced in the presence of hypergly- 
cemia, as in diabetes melliius <3.4). Numerous 
studies suggest that AGEs play. an imponant role 
in the structural and funaional alterations thai 
iKCur in long-ierm diabetes and more slowly in 
normal aging ( 1-5), 

Binding and iniernalizaiion of AGE-modifitvi 
proteins is facilitated through specific cell surface 
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rcccpiors idcniificd first on cells of ihc mnno- 
cyu'/macniphagtr Jineragc (6,7) and substrqiitrnily 
on cndoihelial (8), mesangiaJ cells (9) and other 
ceil types (4J0). Jn addition lo the uptake and 
degradation of senescent ACE-modified proteins 
by macrophages, AGE-receptor/iigand interac- 
tions initiate a range of biologically important 
cellular responses, including chemotaxis, aaiva- 
tion, cytokine, and growih factor secretion (4,5). 
Based on these properties, cellular AGE-recep- 
tors are thought to contribute to normal growth 
patterns and tissue turnover. 

Initial studies to determine the molecular 
composition of AGE receptors revealed two 
AGE-binding polypeptides at approximately 30 
and 90 kD. based on AGE-specific affinity pre- 
cipitation of radiolabeled cell surface proteins 
from the murine macrophage ceil line, RAW 
264.7 (11,12). Subsequently, two AGE-binding 
proteins, designated p60 and p90, were isolated 
from rat liver membranes and partially se- 
quenced (13), Aniisera raised against purified 
p60 and p90 recognized surface determinants 
and blocked AGE binding and AGE-dependent 
responses of human monocytes/macrophages 
(13). rat T cells (14), and murine mesangial ceils 
(15). This broad range of aaivity across cellular 
systems and species suggested that this AGE- 
receptor system invol/es highly conserved pro- 
teins. Additional AGE-binding proteins, a 35-kD 
protein, named RAGE, and an 80-kD protein 
homologous to iactoferrin were also described 
(16.17), further expanding this novel class of 
molecules. The molecular mechanisms by which 
single AGE-binding proteins associate with other 
membrane proteins, how they form complexes 
with them or how they specifically recognize 
various members of the highly heterogeneous 
family of AGE siruaures is unknown. AGE-re- 
cepior iigand interaaions are only weakly inhib- 
ited by free carbohydrates or by proteins modi- 
fied by early giycaiion produas such as the 
Amadori addua (6.8,9.14). 

Other mammalian proteins with leain-Iike 
affinity for a spearum of sugars and glycoconju- 
gates have been described (18,19). Among them, 
galeams consist of a well defined family of mol- 
ecules sharing characteristic amino acid se- 
quences and afrinity for ^-galacioside sugars 
(19.20). Of these, galeain.3, first described as a 
cell surface marker for aaivated macrophages 
(Mac-2) (21), was subsequently identified as a 
lactose-specific leain present on various cells 
and cellular compartments (22-25). The cDNA 
and the protein product have been characterized 



by several laboratories, reporting it as a 35-kD 
carbohydrate-binding protein (CBP35), a nuclear 

32.kD molecule isolated from rat basophilic leu- 
kemia cells that binds rat IgE through carbohy- 
draie moieties (26), and as a 29-kD lung Icain 
with lactose specificity (HU9) (25). The principal 
physiological role of this molecule in humans 
remains unknown. 

In this report, we describe the identification 
of the polypeptide currently termed galeain-3 as 
a macrophage cell membrane protein that exhib- 
its high-affinity binding for nonenzymaiicailv 
glycated (AGE).modiried proteins and which fa- 
cilitates covalent complex formation with these 
ligands. 



MATERIALS AND METHODS 
Chemicals and Reagents 

Recombinant galeain-3 (rat. and murine CBP-35) 
was prepared as previously described (26) 
C-terminal domain peptide (18 kD) of murine 
galeciin.3 was a generous gift from Dr. John L 
Wang (Michigan State University. East Lansing, 
MI. U.S.A.). Recombinant human galeain-l and 
-2, and rat gaieain-4 (domain I) were provided 
by Drs. H. Leffler and S. H. Barondes (University 
of Cahfortiia. San Francisco), bovine serum albu- 
min (BSA) (Fraaion V, low endotoxin). Nonidct 
P-40 (NP.40), and Triton X-100 were purchased 
from Boehringer-Mannhcim Biochemicals (Indi- 
anapolis, IN. U.S.A.). Glucose, laaose. galaaose 
ovalbumin, hydroxylamine, hydrazine. 2-PAM 
and glycoconjugates were purchased from Sigma 
Chemical Co. (St. Louis, MO, U.S.A.). Sodium '^'l 
(s.a. 10 mCi/100 mD was obtained from New 
England Nuclear (Boston, MA. U.S.A.), NitroceUu- 
lose membranes were from Schliecher fr SchuelJ 
(Keene. NH, U.S.A.). The chemically synthesized 
AGE, 2-(2.furoyl)-4(5)-(2-furanyl).lH-imidazole 
hexanoicacid (FFI-HA) (27.28) was generously 
provided by Dr. Peter Ulrich (The Pico wer Institute. 
NY, U.S.A.). Pyrraline and pentosidinc were a gift 
of Dr. Vincent Monnier (Case Western Reserve 
CL). 



Preparation and Radioiabeiing of Ligands 

AGE-modified bovine serum albumin (AGE- 
BSA) and ovalbumin (AGE-Ova) were made by 
incubating each protein with 0.5 M glucose at 
37*C for 6 weeks in phosphate-buffered saline 
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(400 mM, pH 7.4). as previously drscrilK-tl 
(13,15). Unincorporaicd glucose was removed 
by dialysis againsi PBS. ACE-modificaiion was 
measured by an AGE-specific ELISA (29). AGE- 
BSA coniained approximately 300 AGE U/mg. 
AGE-OVA 1000 AGE U/mg. and BSA contained 
<3 U/mg. 

The chemically defined model AGE, FFI-HA, 
was synthesized and linked to BSA as described 
previously (27). Ligand radioiodination was per- 
formed with carrier-free- '^^I using lODO-beads 
(Pierce. Rockford, IL. U.S.A.) according lo the 
manufacturer's instructions. 

Membrane Preparation 

Cells of the murine macrophage-like ceil line. 
RAW 264.7 were cultured in monolayers and 
were colleaed by gentle scraping and washing in 
phosphate buffered saline (PBS), cenirifuged at 
500 X 5 for 5 min, disrupted with a tight Dounce 
homogenizer. in a solution of PBS containing 1 
mM EDTA and protease inhibitors. 2 mM phe- 
nyl-methyi-sulfcnyl-fluoride (PMSF), 10 Mg/nil 
aprotinin. 5 ng/ml pepsiatin, 1 mM benzami- 
dine. Nuclei and cell debris were removed by 
centrifugation at 1000 x ^ for 10 min. The cel- 
lular membranes were isolated from the super- 
natant by centrifugation at 10.000 x ^ for 20 min 
at 4**C. The resulting membrane-enriched frac- 
tion was solubilized in PBS containing 0.5% NP- 
40, and protease inhibitors as described above. 
This material was then used for ligand and West- 
ern blot studies. In addition, whole cell extraas 
were prepared by lysing cells in PBS containing 
0.5% NP-40 and protease inhibitors. After 10 
min incubation on ice. nuclei and cell debris 
were removed by centrifugation at 10.000 x ^ 
for 10 min. Protein concentrations were deter- 
mined by BCA protein assay (Pierce). 

Ligand and Western Blotting 

In most studies described below, pure recombi- 
nant murine galectin-3 t)r cell membrane prep- 
arations were mixed with an equal volume o\ 
Laemli 2 x SDS-PAGE sample buffer containing 
5% 2-mercaptoethanoL elecirophoresed on 12% 
SDS-PAGE, and then elecirobloited onto a niirt)- 
cellulose filter, as previously described (30). For 
ligand blot analysis, following blocking for I hr in 
a solution of PBS containing 1.5% BSA and 
0.1% Triton X-100. 1 mM MgCl, and I mM 
CaCIj. the nitrocellulose filters were probed '"^l- 
AGE-BSA (300 nM) in blocking solution in the 



pri-st'Mcc or absence of various compel iiors. The 
hlois were washed three limes with PBS contain- 
ing n ry,, Triton X-IOO and exposed to Kodak 
XAR-5 liirn at -8t}°C. Quantitation i>l hound 
ratiinatiiviiy was performed on a MoleciiUTr Dy- 
namics phosphorimager and the values were ex- 
()ressed as relative phosphorimage units. F«)r 
Western blot analysis, folltjwing blockiitg with 
PBS coniaining 2% BSA. elecir4>bliuied proteins 
were probed with various primary aniibtidies as 
indicated and visualized by using alkaline phos- 
phaiase-conjugaied secondary antibtniies and 
the NBT/BCIP western blot detection method 
(31). In separate studies, recombinant human 
galeciin- 1 . -2. and -3. and rat galeciin-4 (domain 
I) were subjected to SDS-PAGE through a 
4-20% gel (5 /ig/lane) and elearoblotted onto 
niirocelhildse membranes. Fillers were either 
stained with Amido black or probed with '^^I- 
AGE-BSA. 

Antibodies 

Avian anti-rat polyclonal antibodies, raised 
againsi purified rat liver AGE-binding proteins 
p60 and p90, were prepared as described (13). 
Rat monoclonal antibody (mAb) specific to mu- 
rine galectin-3 was purified from culture super- 
natanis of hybridoma M3/38 (ATCCTIB166) us- 
ing protein G-sepharose column (Boehringer- 
Mannheim Biochemicals). Isotypic rat igG2a was 
purchased from Zymed Immunochemicals 
(South San Francisco. CA. U.S.A.). A polyclonal 
antibody to CBP-35 was generously provided by 
Dr. J. L. Wang, Michigan State University. 

Radioiabeling, Imniuno*Precipitation 
and Ligand-Precipitation 

RAW 264.7 cells (I X 10^) were surface radiola- 
beled using laaoperoxidase-catalyzed iodination 
as described ( 30). Alter surface iodination. deier- 
gent-st)lubilized whole cell extracts were pre- 
cleared by incubation with BSA-Sepharose for I 
hr at 4**C. For immunoprecipiiaiion. 2.5 ^g of 
mAb M3/38 or the isoiype control (rat IgG2a) 
were added and the incubation was extended for 
14 hr at 4**C with gentle rocking. To isolate the 
Ab-Ag complexes, goat anti-rat antibodies, 
linked to agarose beads (Sigma) were added to 
the incubation. Alter an additional 2 hr. the 
Ab-Ag complexes were ist>laied by centrifugation 
at 2.000 X 1/ and washed lour times with PBS 
containing 0.5% NP-40. An eipial vt>lume of 
Laemli SDS-PAGE buffer containing 2.5% 
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fJ-mcrcapi<>cihanol was added lo the obiained 
pellets. Fur Jigand affinity precipiution, AGE- 
BSa was coupled to aaivaied Sepharo5e-4B as 
described (13). After preclearing the cell exirans 
with BSA-Sepharosc. AGE-BSA-Sepharose was 
added and the incubation was extended for I hr 
at 4**C with gentle rocking. The complexes were 
separated by centrifugation at 2000 x 5 and 
washed extensively with PBS containing 0.5% 
NP-40. An equal volume of Laemli SDS-PAGE 
buffer containing 2.5% ^-mercaptoethanol was 
added to the washed ligand affinity precipitate. 
Following boiling for 2 min, the proteins were 
electrophoresed through a 12% SDS-PAGE gel. 
Ligand- and immuno-precipitated proteins were 
visualized by autoradiography. 

Aggregation Studies 

Recombinant murine gaieain-3, M3/38-immu- 
noprecipitaied galeainO or NP-40 detergent-sol- 
ubilized cell membrane preparations were mixed 
with AGE-BSA or FFI-BSA at 1 p-g/ml in PBS 
containing I mM CaClz in the presence or ab- 
sence of hydroxylamine (50 mM). hydrazine 
(100 mM) or 2-PAM (50 mM). The aggregates 
were visualized by autoradiography of dried gels 
and the amount was quantitated by phosphor- 
image analysis. 

Immunofluorescence 

RAW 264.7 cells were plated on coversiips 
coated with BSA at 1 mg/ml and were grown in 
DMEM for 2 days. Prior to assay, the medium 
was removed and replaced with 1 ml of fresh 
medium in the presence or absence of 50 mg/ml 
AGE-BSA. After the incubation, the cells were 
fixed in 3.5% formalin in PBS for 10 min at room 
temperature, blocked in PBS containing 0. 1 % 
BSA and 0.02% sodium azide for 15 min. Anii- 
galeain-3 and isotype control mAb were added 
to the cells and the incubation was allowed to 
continue for I hr. After washing the cells four 
limes in PBS. FITC -conjugated goat anti-rat IgG 
(Fab)2 was added to the ceils and incubated for \ 
hr at room temperature. The cells were ihen 
washed four times in PBS and photographed. 



RESULTS 

Antibody to the AGE-Binding Protein p90 
Recognizes Galectin-3 

By screening an expression library frtmi acu- 
vaied macrophages with an antibody made 10 
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FIG. 1. Recombinant galectin-3 is recognized 
by anti-p90 antibody 

Purified reccimbinani murine galeain-3 (1 ^^/lantr) 
was subjected to SDS-PACE through a 12% j;ct and 
cltfctrubloiitrd iinui nitrocclluUisc. Ahcr blocking 
with 2% BSA in PBS for 2 hr. tht blois were ex- 
posed to each of the primary antibtHJies as shown: 
rat lgG2a: anii*galeCiin-3 inAb M3/38: purified avian 
serum IgG: or purified igC (raaion uf avian anii- 
p90. Immunoreaaivity was visualized by the appro- 
priate alkaline phosphatase-conjugated guai anti- 
chicken IgC or mouse anti-rat IgG and NBT/BCIP 
color reaaion- 



the 90-kD subunit (p90) of the AGE receptor 
complex (13). we isolated a sequence that corre- 
sponded 10 galectin-3. To test the relationship 
between galeciin-3 and known AGE-binding 
proteins, we conducted Western blot analysis of 
purified recombinant murine galeain-3 with 
polyclonal antibodies raised against the purified 
90-kD AGE-BP protein from rat liver membrane. 
A monoclonal antibody to galeain-3 (mAb M3/ 
38), and likewise the polyclonal chicken ami* 
p90, but not an isotypic rat IgG2a, nor a normal 
chicken IgG. identified a 32-kD band in Western 
blots (Fig. 1). This was consistent with the pos- 
sibility that p90 contains an epitope shared by 
galeain-3 or that the 90-kD protein consists of 
more than one polypeptide, one of which is ga- 
lectin-3. 

To confirm and expand the question of 
whether galeain-3 or any other members of the 
galeciin family, comprising of galeciin-l through 
-4 1 1 9-2 1), e.xhibii AGE-binding activity, we 
performed liiiand blot analysts of recombinant 
human galeciin-1. -2, and -3. and rat galeain-4 
using '^^I-AGE-BSA as ligand. As shown in 
Fig. 2A, galeciin-3 and -4 (domain 1), but not 
galeain-l or -2. could bind AGE-BSA under 
identical conditions. Phosphorimage analysis 
(Fig. 2B) indicated that, among all, galeain-3 
exhibits the strongest aaivity, while galcain-4 
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FIG. 2. Ugand blot analysis of galectins 1-4 

Recombinant human galeain-l, -2, -3 and rat galec- 
tin-4 (domain 1) were subjccicd to SDS-PaGE (4- 
20% gel, 5 *ig/lanc) and elccirobloitcd onto nitrocel- 
lulose membrane. (A) Blots were cither stained with 
Amido black or probed with '^'l-AGE-BSA. Protein 
staining of fillers (1) and auioradiographs of ligand 
blots (2) arc shown. (B) Comparison of '^'I-AGE- 
BSA binding to galrnins by phosphorimage (PI) 
analysis. Data are expressed in relative PI uniisZ/ig 
protein. 



recognized approximately 50% of the labeled 
AGE-ligand bound by galeain-3. 



Recombinant Galectin-3 Binds 
AGE-Modified Proteins 

To lest whether galeain-3 itself exhibits AGE- 
specific binding aaiviiy, purified rat galcciin-3 
was immobilized onto nitrocellulose membrane 
(3 ^g/doi) and probed with increasing amounts 
of *^'I-AGE-BSA or '^'l-BSA in the presence or 
absence of 50-fold excess unlabeled AGE-BSA or 
BSA native. As shown in Fig. 3. galeain-3 bind- 
ing of *^*1-AGE-BSA rose to saturation in j con- 
centration-dependent manner. Radioligand 
binding was completely abrogated by unlabeled 
AGE-BSA added in excess of 50-fold. Scatchard 
plot analysis of the binding data (Fig. 3, inset) 
were consistent with a single class of binding 
sites and an affinity of 3.5 x lO"^ M"'. This 
affinity is of the same order of magnitude re- 
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FIG. 3. AGE binding activity of galectin-3 

Purified recombinant rat galeain-3 (3 ixgfdoi) was 
immtibiliztrd onto a nitrocellulose filter. After block- 
ing with 2% BSA in blocking buffer for 2 hr filters 
were probed with increasing concentrations of 
AGE-BSA (solid line) or '^'I-BSA (dotted line) in 
the presence or absence of 100-fold excess unlabeled 
ligand- After I hr. the filters were washed and 
counted for bound radioaaivity. Specific binding was 
calculated by subtraaing nonspecific from total fil- 
ter-associated radioaaivity. (Inset) Scatchard analysis 
of binding data (representative of three independent 
experiments). 



poned previously for the AGE-receptor on mac- 
rophages/monocytes (5). 

Similar AGE-binding aaivity was exhibited 
by galeain-3 immuno-precipitaied from RAW 
264.7 cell extraas using mAb M3/38. The im- 
muno-precipitaied material was subjeaed to 
SDS-PAGE and, after transfer to nitrocellulose, 
to ligand blot and Western analysis. Under these 
conditions, four proteins with apparent molecu- 
lar weights of 28. 32. 40. and 50 kD were pre- 
cipitated by mAb M3/38. which displayed 
AGE-binding aaiviry on ligand blotting (Fig. 4A, 
Lane 2). and which are likely to represent vari- 
ous galeain-3 mono-, or multimeric forms (18), 
or galeain-3 complexed with other membrane 
proteins. Two of these (shown by arrows) exhib- 
ited CTOSsreaaivity with a polyclonal anti- 
CBP-35 antibody. By comparison, isotypic IgG2a 
antibody failed to precipitate any AGE-binding 
species (Fig. 4A. Lane 1). 

To determine the domain responsible for 
AGE binding, recombinant galeciin-3 was di- 
gested with coUagenase (32.33) and the result- 
ing 18-kD C terminus was used for ligand blot 
analysis. As shown in Fig. 4B. this portion of 
the molecule bound '^'l-AGE (Lane I) in a 
manner that was inhibited in the presence of 
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FIG. 4. Panel (A) NP-40 detergent exiraas pre- 
pared Irom RAW 264.7 cells (2 x lo' ceil equiva- 
lencs/lanc) were subjcaed lo immunoprccipiiation 
with either isotypc control rat Ig02a (Lane 1 ) or an- 
ti-galeain-3 mAb M3/38 (Une 2). After SDS-PAGE 
through a 12% gel and elearotransfer onto nitrocel- 
lulose, filters were subjeaed to ligand blotting using 
'^'I-AGE-BSA. (B) Purified 18-kD carboxyl-terminal 
domain of recombinant murine galeain-3 (3 ptg/ 
lane) was subjeaed to iigand blot analysis using '^'^I- 
AGE-BSA in the presence (Lane 2), or absence 
(Lane t) of SO-fold unlabeled AGE-BSA. (C) Filters 
were cither stained with Amido black or probed 
with *^*I-AGE-BSA. Protein stain of the filters (1.2) 
and autoradiography of the ligand blots (3.4) are 
shown. (D) Quantitative analysis of '^^1-AGE-BSA 
binding to either intaa galeain-3 or its IS-kO C- 
lerminal peptide. Data from Panel C are e.xpressed in 
phosphorimage units (Pf)/mg protein. 



50-fold excess unlabeled AGE-BSA (Lane 2), 
indicating AGE-binding specificity. In addition, 
when compared to the intact protein, the C- 
terminal fragment of gaicctin-3 exhibited 
stronger AGE-binding aciiviiy (Fig. 4 C and D): 
phosphorimage analysis indicated thai the C 
terminus while retaining full AGE binding 
aciiviiy. as the iniaci protein, this is consid- 
erably higher ihan the binding activity of in- 
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FIG. 5. Effect of carbohydrates on AGE-bind- 
ing to galectin-3 

Anii-Calcciin-3 immunoprecipitated material from 
RAW 264.7 cells (2 X |0*) was subjeaed to SDS- 
PAGE (12%) and ligand blot analysis using '^^I- 
AGE-BSA (300 nM) in the presence or absence or 
the indicated unlabelled competitors: AGE-BSA. FFl- 
BSA. FFI-HA at 50-fold excess (15 ^M). laaose. ga- 
lactose, galaciosamine. ^nd glucosamine at 100 mM. 
and Amadori produa (l-deoxy-l-propyl-amino-fruc- 
lose) ai 1 mM. The amount of radioactivity associ- 
ated with galeciin-3 was determined by phospho- 
rimage analysis of three identical experiments and 
expressed as percentage (mean r SD) of '^'l-AGE- 
BSA bound in the absence of competitors. 



tact galectin-3. The finding suggests that the 
C terminus may contain the principal AGE- 
binding site domain of galectin-3 and the re- 
moval of collagen-like domain may facilitate 
the access of AGE-BSA ligand to this binding 
domain. 



Carbohydrates Are Not Effective 
Competitors of AGE-Binding to Galectin-3 

GaIectin-3 has been identified as a leain with 
binding specificity to carbohydrate moieties such 
as laaose. galaaose and galaciosamine (21,22). 
To test whether the galeain-3 AGE-binding do- 
main funaionolly overlaps with that for simple 
carbohydrates, competitive ligand blot inhibition 
experiments were performed. Equal amounts of 
galeciin-3 immunoprecipitated from RAW cell 
detergeni extracts were subjected to SDS-PAGE 
and eleciroiransferred onto niiroceilulosc. 
AGE-BSA ligand blot analysis was performed in 
the presence or absence of a large excess of un- 
labeled compeiiiors. Compared with the com- 
plete inhibition achieved by unlabeled AGE-BSA 
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RAW 264.7 cell cxiraas were suhjeaed in imniu- 
noprccipiiation wiih M3/38 mAb. or li^and- 
alfiniiy prccipiuiion studies using an AGE-BSA- 
Seph*ir(isc affinity system. As sht)wn in Fig. 6. 
Lane B, auioradidgrophic analysis i>f M3/38 
imnuinnprecipiiaied cell extracts revealed a 
surface labeled pcilypeptide of approximaiely 
35 kD. running identically with galeciin-3. A 
surface-label polypeptide band oi identical mo- 
lecular weight was similarly identified by li- 
gand-affiniiy precipitation of the same extracts 
(Fig. 6. Lane C). In addition, us'm^ either pro- 
cedure, a polypeptide with the apparent 
molecular weight of 90 kD was identified (p90) 
{Fig. 6B and C). 



FIG. 6. Immuno- and ligand-affinity precipita- 
tion of surface radioiodinated RAW 264.7 cells 
Deicrgeni exiraas prepared from surface radioiodi- 
nated RAW 264.7 cells were subjcaed to immuno- 
precipitation using isotype control rat lg2a (Lane A), 
anii-galeain-3 mAb M3/38 (Lan«f B), or tigand-affin- 
ity precipitation using AGE-BSA-sepharose (Lane C). 
The precipitates were boiled in sample buffer con- 
taining 2.5% 0-mercaptoethanol and electropho- 
resed through a 12% SDS-PAGE gel. Proteins were 
visualized by autoradiography. 



and FFI-HA. a syniheuc AGE recognized by mac- 
rophage AGE recepiors. added either free or at- 
tached 10 BSA (FFI-BSA) (6,7) at 50-fold excess 
(15 ^M), the addition of iaaose, gaiaaosamine, 
and glucosamine at more than 3 x I o' -fold ex- 
cess (100 mM) failed to significantly aher 
AGE-BSA binding to galeciin-3 (Fig. 5). Neither 
pentosidine (35) nor pyrraline (36). two other 
known AGEs compered for binding to galectin-3 
(Fig. 5). Funhermore. a model synthetic product 
of the early steps of nonenzymaiic glycaiion. I- 
deoxy-l-propyl-amino-fructose (Amadori). also 
failed to compete with AGE-BSA binding at con- 
centrations as high as 1 ruling out the possi- 
bility that similar early glycatiou structures 
present in AGE-proieins prepared in vitro con- 
tribute significantly to AGE binding by galeciin-3 
(Fig. 5). 

Cell-Surface Galectin-3 Binds AGE-BSA 

Galeain-3 has been variously described as a cy- 
toplasmic, nuclear, surface-associated, and a se- 
creted protein (18-22.26). To demonstrate that 
gaicain-3, when present on the ceil surface is ca- 
pable of binding AGE-ligands, surface-iwiinated 



AGE-BSA Treatment Causes 
Redistribution of Galectin-3 
on the Cell Surface 

The cellular ct)nsequences of AGE-BSA/galec- 
tin-3 interaction were further investigated by 
immunofluorescence studies of RAW 264.7 cells 
using mAb M3/38 or isotypic control. Jn un- 
treated cells, galeciin-3 was diffusely distributed 
on the ceil surface (Fig. 7A). but after incubation 
of parallel cultures with AGE-BSA for 30 min. a 
distina pattern of patchy distribution of galec- 
tin-3 immunoreaciivity was observed (Fig. 7B). 
In contrast, staining with.the isotypic control was 
negative (Fig. 7C). 

Interaction of AGE*Ligand with Cell 
Surface Proteins Results in Formation 
of High-Molecular Weight Aggregates 

Galeain-3 has been shown to exhibit positive 
cooperativiiy in binding lo muitivaient glycopro- 
teins, suggesting that the lectin has a tendency to 
self-associate resulting in dimers or oligomers 
(32,33). To inquire whether AGE-binding pro- 
motes similar aggregation of galcctin-3, cellular 
membranes prepared from RAW 264.7 cells were 
incubated with '^'l-AGE-BSA or *-'l-FFl-BSA 
and at various intervals the mixture was sub- 
jected to SDS-PAGE through 12% gels under 
reducing conditions (2.5% 0-mercaptoeihanol). 
The formation of SDS-insensiiive. 0-mercapio- 
eihanol-resistant aggregates was quantitated by 
phosphoriniage analysis of the high-molecular 
weight materia! forming on the top of the gel. In 
contrast to incubations with unmodified BSA. 
which did not induce aggregate formation (Fig. 
S. Lanes g and h). (he interaction of '*^1- AGE- 
BSA or '^^l-FF!-BSA with membrane proieins 
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FIG. 7. Distribution of galectin-3 on RAW 264.7 cell surface by immunonuorence 

Cells were treaied with BSA (a) or aGE-BSA (b and c) for 50 min and probed wUh eiiher anii-galeciin-3 mAb 
M3/38 fa and b) or isotype coniro! (c) followed by FITC-conjui'ajed goat ami-rat \\^C. 



induced the formation of very high molecular 
weight complexes (Fig. 8. Lanes b-d). The addi- 
tion of hydroxylamine. a knov/n inhibitor of 
thioesier linkage, at 100 mM prior to the addi- 
tion of '^'l-FFI-BSA abrogated aggregate forma- 
tion (Fig. 8, Lane f). 

To investigate whether these complexes con- 
tained galectin-3, membrane-associated galec- 
tin-3 was also immunoprecipiiaied from RAW 
264.7 cells by mAb M3/38. and radioiodinated 
before incubation with unlabeled AGE- or FFl- 
BSA. The interaction of this radiolabeled galec- 
tin-3 with either ligand resulted in the formation 
of SDS-, and 0-mercapioeihanol-insoiuble high- 
molecular weight complexes (Fig. 9 cand e). The 
addition of hydroxylamine (50 mM) prevented 
this aggregate formation (Fig. 9 d and f). Simi- 
larly, the inieraaion of recombinant galeciin-3 
with AGE- and FFI-BSA also led lo the fonnation 
of large hydroxylamine-inhibiiable aggregates 
(data not shown). Other nucleophiles. such as 
hydrazine (100 mM), 2-PAM (50 mM). and io- 
doacetamide (1 mM). also inhibited the lorma- 
lion of aggregates (data not shown). 



DISCUSSION 

Initially, monocyte/macrophages and subse- 
quently other cell systems were found to hind 
AGE-modified substrates with hij»h-affiniiy 
saturable kinetics, implying the exisience of 
specific receptor{s) (6-9). This binding is noi 
antagonized by the presence of simple sugors. 
glycoconjugates t)r early glycaiion reaciii)n [iroil- 
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Memorane . ^ ^ ^ ^ ^ * ^ 

'Kl-FFI-BSA ^ ^ ^ + ^ + - . 

COkJ FFI BSA - - - - + - . - 

Hyaro«yiamtne - -- -- + 

•ni-BSA ^ + 



FIC. 8. AGE ligand induces membrane protein 
complex formation 

RAW 264-7 cell nieinhrane preparations were incu- 
bated with '-^I-FFI-BSA .It 37'»C fur the indicated 
rime. After addiiiv: SDS-PAGE buffer containing 5% 
3-niercapt<>eihaiu>l. the samples were boiled and 
cleoropboresed ihroiii;h j 12% gel. The proteins 
wore visualized by oiiuiradioifraphy. '*^I-FFI-BSA 
was incubau'd without cell membrane (Lane a), 
with cell membrane lor K 3, and 6 hr. respeaively 
(Lanes l>-d). in ihe presence of 50- fold unlabeled 
FFI-BSA lor 6 lir (Lane e), in the presence of mem- 
hraiie extracts and hydroxylamine ( 100 mM, 6 hr) 
(Lane I). Unmodilicd '-^l-BSA alone (Lane g) or 
with cell membrane used as coniri>ls (6 hr) (Lane 
hi. Very high molecular weight complex formation 
is intiicaied on i*»p nf jiel by arrow. Data arc repre- 
sentative t>l six independent ex|>erimenis. 
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FIG. 9. Phosphorimage analysts of high*molec- 
uUr weight aggregates forming during galec* 
tin-3 and AGE-ligand interaction 

Alter radioiodtnaiion. gat(rain-3 immunoprccipiiated 
from RAW 264.7 cell membranes were incubaied for 
24 hr at 37"C alone (a) or with unmodificd-BSA (b). 
Similar preparations were incubated with AGE-BSA 
(c) or with FFI-BSA (e) alone or in the presence of 
hydroxylamine (100 mM) (d and f). High-moiecular 
weight complex formation was quantiiated by phos- 
phorimage (PI) analysis and expressed as PI U/mg 
protein. Data are representative of three indepen- 
dent experiments. 



uas, such as Schiff bases or Amadori produas in 
large molar excess, nor by proteins modified by 
formaldehyde, acetylaiion or maleylaiion. which 
define in pan the so-called scavenger receptors 
(6-9,13.14). AGE-receptor imeraaions have 
been linked to a wide variety of normal poten- 
tially pathogenic responses, including migration, 
aaivation, cytokine and growth faaor induaion. 
and matrix protein secretion (4,5,8.9,14.15). 
These findings have further encouraged the 
identification and isolation of AGE-binding pro- 
teins and the molecular definition of [he AGE- 
receptor complex (11-13.16.17), 

Derived from the covalent attachment of re- 
ducing sugars, the advanced glycation pri>ducts 
that form spontaneously on proteins or lipid sub- 
strates in vivo represent a structurally heteroge- 
neous class of reaaive adduas thai can form 
infra- and imermolecular crosslinks (1-5). One 
such chemically defined AGE structure is ihe 
furoyl-furanyl imidazole (FFI). the firsi AGE- 
crosslink identified in vitro (27) as well as in 



animal tissues (28). while others subsequently 
isolated include the pyrrole containing AFGP 
(34). the peniosidine (35). and pyrraline (36); 
however, iht- large majority of AGE structures 
remains undefined. 

We have previously described two polypep- 
tides, designated p60 and p90. as comp«)nenis of 
the macrophage AGE-receptor ( 1 3). Durinj* 
studies designed to provide cDNA clones corre- 
sponding to p90 using antibodies made to puri- 
fied rat liver p90, we repeatedly isolated a partial 
cDNA clone corresponding to galeain-3. 

GaIectin-3. a cellular protein previously 
studied for its relatively low binding activity for a 
broad range of simple carbohydrates (K^, 4 x lO' 
M"') (37) is found in the cell nucleus, the cy- 
tosol, on the cell surface, as well as exiracellu- 
larly and has been implicated in events such as 
macrophage migration, adhesion, immune re- 
sponse modulation, growth and differentiation 
and is included to the Galeains, a family of lec- 
tins, sharing affinity for 0-galaaoside sugars 
(18-26). There has been no clear evidence how- 
ever that galeciin-3 acts as a surface receptor, 
since protein and cDNA sequence analysis of this 
molecule indicated neither transmembrane an- 
chor sequences, nor signal peptide (38). Western 
blot analysis of recombinant murine galeciin-3, 
using the same antisera developed against the rat 
liver 90-kD AGE-binding polypeptide (anii-p90) 
(13) that were used in expression screening re- 
vealed strong immunoreaaiviiy between these 
antisera and galeain-3. This raised the possibility 
of either an immunologic cross- reaaivity be- 
tween p90 and galeain-3 or of immunoreactivity 
direaed to galeain-3-Uke epitopes copurified 
with the p90 polypeptide. 

The physical association of galectin-3 with 
AGE-receptor components versus an indepen- 
dent role of galectin- 3 as an AGE-binding protein 
was investigated funher. First, it was ascenained 
that galeain-3 possessed distinct binding affinity 
for AGE-modified albumin, a property which 
was not shared by two other members of the 
galectin family (galectin- 1 and -2) and only par- 
tially by galectin-4. Then, evidence was obtained 
to show that purified recombinant galectin- 3 is 
capable of independently and specifically binding* 
AGE-modified proteins with saturable kinetioi 
(K,, - 3.5 X 10^ M"'). This binding affinity was 
lower than the affinity observed in intact mem- 
brane preparations (X 10~") (13), which may re- 
flect either the need for a membrane localization 
or for cooperation of more than one of the AGE 
receptor comp<inents- Nevenheless. the affinity 
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of ^aicLUn-'i for AGEs is disiinaly higher ihan 
ihai for carbohydraics (AC,, = 4 x 10' M"') (37). 
cvL-n when FFI-HA is used for comparison wiih 
monovaleni sugars. In addiiion, based on com- 
peiiiive studies with previously known ligands of 
galeciin-3 such as laciosc. galactose, and other 
giycoconjugaies added in large excess, the recog- 
nition site for ACE-moielies appeared to be dis- 
tinct fronn those for carbohydrate moieties. At 
least one AGE-binding domain ccilocalizes to the 
same IS-kD C-terminal fragment of galeain-3 
that contains the carbohydrate recognition do- 
main of the molecule. Although our data do not 
distinguish between a single or multiple binding 
■ sites for AGE-modified ligands on gaiectin-3, the 
specificity of this protein for AGE-moieties was 
funher defined in experiments using chemically 
defined synthetic "early" or Amadori. and "late" 
glycation intermediates (1-4) in competition ex- 
periments. Consistent with reports on lack of 
recognition by other AGE-binding proteins 
(6.8,13.14), Amadori failed here to displace 
AGE-ligands, thus eliminating the role of eariy 
glycation products in this interaaion. In contrast, 
the model synthetic AGE ligands. FFI-HA and 
FFI-BSA (25,26). previously shown to be readily 
recognized by macrophages (6.7,11.12) com- 
peted very effeaively. Surface binding of FFI- 
BSA has been associated with macrophage/ 
monocyte aaivaiion, cytokine release (39) and 
autocrine AGE-recepior up-regulaiion (40). 
mimicking and even surpassing the identical ac- 
tivities of naturally formed AGE-BSA. Owing its 
efficiency most probably to the higher concen- 
tration of AGE-modifications per polypeptide 
compared to the naturally formed AGE-BSA, the 
validity of the synthetic FFI-BSA was confirmed 
while it also proved a valuable probe for the 
present studies. 

AGE-affiniiy precipitation of surface-labeled 
cell extraas yielded polypeptides with identical 
mobility to galeainO at 35 and 90 kD, while 
immunoprecipitation with anii-galeain-3 re- 
vealed in addiiion. a SO-kD protein, which indi- 
caied the proximity, and possible association of 
gaieciin.3 with other AGE-binding polypeptides 
on the cell surface (e.g., p90 and p60). Alterna- 
tively, exposure of ceils to AGEs may enhance 
the surface expression of galeain-3. an antigen, 
first recognized as a macrophage activation 
marker (2 1 ). Given the known propeny of AGEs 
to induce macrophage aaivation (39.40). this 
would not be inconsistent with this hypothesis. 
The latter was supported by immunofluores- 
cence studies showing that upon exposure of 



RAW cells to AGE-BSA, the presence of galec 
i.n.3 on the cell surface intensified, while it mo- 
bilized to form discrete complexes. Based on the 
previously reported propensity of galeain.3 to 
associate with itself (18.32.37), we sought to 
evaluate whether AGE ligands may also promote 
galectin-3 complex formation. 

Our results indicate that interaaion of AGE- 
and FFI-modiHed BSA with either membrane- 
derived or recombinant galeain-3 resulted in the 
formation of high-molecular weight aggregates 
in a lime-dcpendent manner. These complexes 
proved resistant to SDS or 0-mercapioethanol 
treatment but were completely inhibiiable in the 
presence of nucleophiles. such as hydroxy- 
lamine. hydrazine, and 2-PAM. The lability of 
the complexes lo hydroxylamine at an alkaline 
pH suggested thai the interaaions within the 
complexes may involve the formation of cova- 
lent bond between galeain-3 and other molc- 
ajles. and that the bond is likely a thioester. The 
presence of such thioester linkages has been pre- 
viously reponed for complement faaor C3 
(41.42,43) and ubiquitin-activaiing enzyme El 
(44), Internal thioester bonds mediating the fix- 
ation of complement faaor C3 to biological tar- 
gets seem necessary for complement funaion 
(42,43). Similarly, the attachment of ubiquitin 
El and subsequent trafficking of target proteins 
to degradation pathways is also dependent on 
high energy thioester linkages (44). Although 
funher charaaerizaiion of the nature and the 
functional significance of the linkages formed 
between galeain-3 and AGE-modified proteins is 
necessary, it is possible to speculate that the for- 
mation of high energy thioester bonds may con- 
tribute to the efficient attachment, and uptake of 
proteins modified in vivo by a wide range of AGE 
moieties with variable affinities, to be subse- 
quently escorted toward intracellular degrada- 
tive compartments. 

The presence of galeain-3 on the cell surface 
is interesting since there is no consensus trans- 
membrane spanning domain present in its se- 
quence (18,38). Thus, it is conceivable that this 
polypeptide is expressed on the cell surface in 
association with other subunits of the AGE-re- 
ceptor complex which may contain such do- 
mains. In this regard, our immuno-precipitaiion 
and affinity studies using anti-galeain-3 and li- 
gand blot analysis, showed that in addition to the 
p90 and to anti-galectin-3-reactive polypeptides, 
two other species with approximate molecular 
weights of 40 and 50 kD were associated with 
galeain-3 and were capable of binding AGE-BSA. 



644 Molecular Medicine, Volume t. Number 6« Sept mber 1995 



The idtrntiiy of ihtrst molccute is undtrr in- 
vesiigaiion; ht)wtrver. ihey are likely to corre- 
spond to one or more of ihc already character- 
ized macrophage surface AGE-binding proteins 
(13,16). Thus far. the primary role of galeain-3 
has remained unclear, ahhough ii has been sug- 
gested ihai galeciin. among i)ihers, may play a 
role in macrophage adhesion lo basement mem- 
branes and subsequent migration toward the site 
of inflammation via interaction with iaminin 
<45), or thai it may be associated with neoplastic 
progression of colon carcinoma (46). 

Colieaively, our data provides evidence of a 
novel class of in vivo forming ligands for galec- 
tin-3, advanced glycaiion end produas. The 
physiologic significance of this inieraaion is un- 
der further investigation. However the observa- 
tion that gaieain-3 exhibits high-affinity binding 
aaiviiy for AGE-modified proteins, constitutes a 
novel aaivity for this molecule and introduces it 
as a new member of the macrophage receptor 
system for AGE- modified senescent macromole- 
cules. 
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